Context. Superluminal motion has been found to occur in many kinds of celestial bodies with the relativistic ejecta, especially for some active galactic nuclei (AGNs), gamma-ray bursts (GRBs) and micro-quasars, although these objects are largely different in their lifetimes, sizes and features. Aims. To investigate the discrepancy in above inhomogeneous objects, we have compared the apparent superluminal motion of GRBs with AGNs, both of them being cosmological outbursts. In addition, properties of the superluminal motion between different subclasses of AGNs (e.g., Radio galaxies, BL Lac objects, and Quasars) are also compared in detail.Particularly, we focus on two low luminosity GRBs, namely 060218 and 170817A, that are ultra-long and short bursts associated with supernova and gravitational wave respectively. Methods. For these, statistical methods including linear regression analysis, linear correlation and K-S test have been used. Antitheses and theoretical analysis of models are also adopted to contrast between AGNs and GRBs, as well as their individual subgroups at aspect of theory and observation. Results. The apparent transverse velocity (β app ) of Swift and pre-Swift GRBs are tightly correlated with the Doppler factor δ as β app ∝ δ 0.5 , while all AGNs distribute around the line of β app = δ behaving a weak correlation of β app with δ . In contrast, β app is positively correlated with Lorenz factor (γ) or γ 2 (1 + z) −1 , not for GRBs but for AGNs. β app and 1 + z are independent for neither GRBs nor AGNs, but apparently exhibit a positive correlation of β app with 1 + z from AGNs to GRBs, showing a cosmological effect of evolution with redshift. I also found that GRB 170817A and GRB 060218 are outliers of the above correlations. Conclusions. Superluminal properties of GRBs are significantly different from those of AGNs. However, there are no obvious differences between radio galaxies, BL Lac objects, and quasars in terms of their superluminal motion. In despite of radiation mechanism, beaming effect and cosmological expanding would play the same roles on the superluminal motion for AGNs and GRBs.
Introduction
The apparent superluminal phenomenon was first predicted by Rees (1966) that the transverse velocity of an object moving (ultra-)relativistically in some special directions may appear to exceed the speed of light. At first glance such a motion is quite counterintuitive, whereas it does not violate the special relativity. It is essentially a geometric effect or a light travel-time effect in the frame of standard model (Chodorowski 2005) .
This motion is initially confirmed and discovered by using new technique of spectroscopy called as very long baseline interferometry (VLBI) for radio galaxies and quasars (Whitney et al. 1971 , Cohen et al. 1971 . So far, it has been known that the superluminal motion is not unique to quasars and radio galaxies, but also to other sources including micro-quasars and BL Lac objects (e.g. Mirabel & Rodríguez 1994 , Fan, Xie & Wen 1996 , Jorstad et al. 2001 , Kellermann et al. 2004 ) and so on. This may be because jets or jet-like outflows are common among various kinds of astrophysical phenomena with different scales, such as sun, proto-stellar systems, isolated neutron stars, neutron star and black hole binaries, supermassive black holes (or AGNs) and GRBs (Zhang 2007) . Once the apparent velocity is measurable, one can have opportunity to learn the geometry and the underlying physics on the formation, ejection and acceleration of jets (Ghisellini & Celotti A 2002) .
AGNs are generally thought to originate from supermassive black holes located in their centers. Classification is a very important strategy to comprehend their basic physics. They can be classified into several groups or subgroups by means of some diagnostic diagrams, e.g. Seyfert I and II galaxies, Quasars, Blazars (BL lac Objects and OVVs), radio galaxies, and LINER. On the whole, Blazars, radio galaxies and part of Quasars are radio-loud, the remainder is radio-quiet. The radio-loud AGNs typically exhibit strong radio radiation, variable, jetted outflows, and X-ray emission and UV excess. This is surprisingly similar to what have been observed in GRBs. Moreover, these radio-loud sources together with GRBs have a common property that the ejecta from their cores move very close to the speed of light outwards and both of them are similarly cosmological outbursts. Till now, only two GRBs, e.g. 030329 and 170817A, are promised to have the detectably superluminal phenomenon in radio bands (Dado, Dar & De Rujula 2004 , 2018 Taylor et al. 2004) . Although the superluminal motions of GRBs in high energy afterglows even prompt γ-rays are invisible currently, the superluminal effect for some GRBs would do exist in theory, as long as the synergetic conditions such as viewing angles and boosting lorentz factors of outflows were satisfied (see Fig. 1 ). This motivates us to give a comparative study between GRBs and radio-loud AGNs on the superluminal motion. Besides, GRBs in the pre-Swift and Swift eras have also been compared to check the dependency of the apparent transverse velocity on different instruments. 
Superluminal motion
According to the relative geometry of ejecta to the observer, the apparent transverse velocity β app is generally defined by
in an unit of speed of light c, of which β represents the real speed of ejecta and θ is the viewing angle between the line of sight and the bulk velocity outwards. Note that the β is also in the unit of c and associated with Lorentz factor γ by β = (1 − γ −2 ) 0.5 . For a given γ, one can make a plot of β app versus γ, where shows a single peak profile at θ ≈ 1/γ (Cohen, Lister & Vermeulen 2004 , Kellermann et al. 2007 ).
In addition to β app , Doppler factor δ is also connected with θ and γ as
In Eqs.
(1) and (2), four independent variables, i.e. β app , β, θ and δ), are involved. Provided two of them have been known in advance, the rest two should be deduced immediately. For the radio observations to AGNs with measured redshift (z), β app is in general measurable and determined by
where µ is the observed proper motion in an unit of mas/yr, D A denotes the angular diameter distance of radio source. In practice, the physical luminosity distance, 
Hence, β app can then be newly expressed as follows
The Doppler factor δ (Ghisellini et al. 1993 ) is estimated by
where f (α) ≃ 0.08α + 0.14 is an experiential function decided by an index α of the enhancement (∝ δ α ) of the observed flux due to beaming effect, S m is the maximum flux at the frequency ν m in GHz. S x like S m in the unit of Jansky (Jy) represents the flux within the range of any other energy band ν x , other than the radio. ν b and φ d are the synchrotron high energy cutoff and the size of core, respectively. As for AGNs, if only the redshift can be gotten from the radio spectra one always calculate β app and δ, and then β and θ.
In principle, the superluminal phenomenon can be seen as long as the viewing angle θ is suitably small enough in comparison with the opening angle ∼ 1/γ of outflows due to the beaming action. For a given source, its opening angle is generally knowable in a direct or indirect way, which makes Eq. (1) degenerate into three scenarios in the following three cases of θ as:
1. In the case of θ ≪ γ −1 , the observer is enveloped within the cone of jets. Some simplified forms of sin θ ∼ θ and cos θ ∼ 1 lead Eq.(1) to be rewritten as
2. In the case of θ ∼ γ −1 , one can just see the edge of outflows under assumption that jets do not behave a significant expanding sideways. Relations of cos θ ∼ 1 − γ −2 /2, sin θ ∼ γ −1 and β = 1 − γ −2 /2 are derived. In this way, β app will be reduced and reach its maximum as
3. In the case of θ ≫ γ −1 , the observer is located out of the cone of jets, which means sin θ ∼ θ, cos θ ∼ 1 − θ 2 /2 and β ∼ 1, thus
Samples
In view of above considerations, 8 radio galaxies, 15 BL Lac objects, and 46 quasars with superluminal observations by VLBI have been chosen from literatures (Hong et al. 1995 , Jorstad et al. 2001 , Kellermann et al. 2004 , to constitute three independent AGN samples table 1.
For GRBs, present observations of radio afterglows hiding superluminal motion are very rare. Till now, ONLY GRB 030329 and GRB 980425 are suggested to be the potential candidates (e.g. Dar & De Rujula 2000; Dado, Dar & De Rujula 2004) . The reason is that the angular resolution of current antennae is still too lower to measure the proper motion of GRB afterglows, except for GRB 030329 ( Taylor et al. 2004 ). It will be more difficult to describe the superluminal motion in the phase of prompt emissions due to lack of much higher resolution. This causes Eq.(3) to be impossible for deriving β app . Alternatively, Eq. (1) can be used to investigate the superluminal motion during the prompt γ-ray emissions if only the viewing angle θ can be conveniently measured provided the Lorentz factors of GRBs are roughly estimated by
as suggested by Rees & Mészáros (1992) . Here, it has been assumed that the jet opening angle θ j is equivalent to the viewing angle θ since the jetted outflow from us is much farther than that from its central engine, which will give the upper limits to estimate the apparent velocities of GRBs. As seen in Fig. 1 , larger lorentz factors together with wider viewing angles will result in an enhancement of the superluminal motion. Based on the consideration, the apparent superluminal motion of GRBs in their prompt phase had been studied. For the sake of comparison, 27 Swift and 37 pre-Swift long GRBs with known redshift, duration time and jet break time are taken from Zhang, Zhao & Zhang (2011) . In addition, I pay particular attention to GRB 170817A whose redshift, lorentz factor and viewing angle are estimated as z = 0.0098 (Levan et al. 2017) , γ ≃ 13 (Zou et al. 2018 ) and 30 Haggard et al. 2017; Ioka & Nakamura 2017) , respectively. Using these measured values, one can easily obtain the apparent transverse velocity of GRB 170817A to be β app = 4.2 
Results
In this section, the main results related to superluminal motion are displayed for different kinds of cosmological sources. I pay special attention to the comparison between AGNs and GRBs in both radio and γ energy bands.
4.1. Relations of β app with δ, z and γ Fig. 2 shows a largely different population between GRBs and AGNs in the plane of β app versus δ. For pre-Swift and Swift long GRBs, however, they exhibit a similar positively correlated tendency. The dotted and dashed lines correspond to their best fits to the GRB data, following a very close power-law of β app ∼ δ 0.5 . Unlike GRBs, most AGNs locate within the range of θ ≥ 0.1γ −1 and roughly distribute along the line of β app ∝ δ with larger dispersion. A linear correlative analysis gives the correlation coefficient of 0.6 for all AGNs with a tiny chance probability of P < 0.0001.
Another interesting phenomenon seen from Fig.3 is that β app obviously evolve with redshift for any kinds of these cosmological sources. Furthermore, Fig.3 shows the positive correlation of β app with redshift becomes more tight when all AGNs and GRBs are combined to be a whole sample. The positive correlations demonstrate farther the sources observed larger the apparent transverse velocity. Based on the three relations between θ and 1/γ in section 2, we see that β app ∼ γ and β app ∼ 2/θ when θ ∼ 1/γ and θ > 1/γ for AGNs and GRBs, respectively. γ and β app are tightly correlated for the different radio-loud AGNs, while there is no any relation for
LGRBs. This is because the viewing angle θ is far large than 1/γ, which cause β app becomes only dependent on θ. However, AGNs with θ ∼ 1/γ seen from Fig.2 make them locate around the line of β app ∼ γ. Plot of β app vs. γ in Fig.4a shows how the apparent transverse velocity is affected by Lorentz factor for all the radio-loud AGNs and LGRBs. It is interestingly found that the β app is positively correlated with γ, while this trend disappears for GRBs. Fig.4b indicates that the intrinsic observations, e.g. some typically comoving timescale in source frame, reduced for cosmological inflation and Doppler effect still hold above similar properties for different AGNs and GRBs. This means AGNs and GRBs are basically distinct cosmological sources in nature.
In addition, one can find in Figs. 2, 3 and 4 that radio galaxies are distributed in the small end of β app , largely different from BL Lac objects and Quasars, much less the LGRBs. This means the radio galaxies with lower radio luminosity are very special and may thus result from a distinct origin, compared with other radio-loud AGNs such as BL Lac objects and Quasars. 
Correlation between γ and θ
In Fig.5 , we compare these sources in the γ vs. θ plane. The top-right region of δ = 1 corresponds to δ < 1 and the reverse direction is within the range of δ > 1. Similarly, the bottom-left of β app = 1 represents β app < 1 and the top-right of β app = 1 stands for β app > 1. Very clearly, most of AGNs and GRBs reside between the solid line and the dotted one, in the area of β app > 1 and δ > 1. The result on AGNs is extremely consistent with that suggested by Ghisellini (1993) in theory. But we again find the radio galaxies with lower lorentz factor compared to other AGNs locate at the larger end of θ. Another interesting phenomenon is GRBs with smaller viewing angle distribute at the larger end of γ. This indicates that the beaming effect could be really not very important for the radio galaxies, unlike for GRBs, BL Lac objects and Quasars. A majority of AGNs follows γ = 1/ sin θ, that is β app = βδ, while GRBs cluster along the line of δ = 1. In fact, the locations of GRBs might move towards the short end of θ slightly if the jet evolution is considered.
Violators
It is well-known that GRB 060218 is a typical low luminosity burst (T 90 ∼ 2100s) connected with SN 2006aj, a supernovae Ib/c (e.g. Mirabal et al. 2006; Li 2007) . Recently, Zhang et al. (2018a) noticed that GRB 060218, together with 980425 and 031203, deviated from the normal evolution curves of long bursts in the plane of peak flux density versus redshift at different radio frequencies. GRB 170817A is a peculiarly newly-discovered short GRB (T 90 ∼ 2s) associated with gravitational wave (GW), which was reported as the first electromagnetic counterpart of a GW event originated from binary Neutron stars (Abbott et al. 2016a,b) . With more and more short bursts accumulated with redshift and peak energy, their spectrum-energy relations can be built as long bursts did before. Excitingly, three spectrum-energy correlations have been proposed by Zhang et al. (2018b) and the GRB 170817A, unlike other short and long bursts, is identified as an outlier to all the three energy relations of short GRBs. It is interesting to note here that GRB 170817A is also found to be very different from long bursts but similar to GRB 060218 regarding the superluminal motion. This may hint that those low luminosity GRBs could hold the consistent observations related with the superluminal motions.
Conclusions and discussions
Our main results are summarized and concluded in the following:
1. The apparent transverse velocity β app is found to be correlated with δ as β app ∝ δ for LGRBs and β app ∝ δ 0.5 for radio-loud AGNs. 2. Radio galaxies are special AGNs with lower redshift, luminosity, γ and δ, which makes it a very different radio-loud sources. 3. Figs. 2,4 and 5 seem to demonstrate GRBs and AGNs may have different radiation mechanisms and Doppler (or beaming)effect.
However, their cosmological evolution might be same as shown in Fig. 3 in respect of the superluminal motion. 4. As low luminosity GRBs, 060218 and 170817A are obvious violators to the above relation of both long GRBs and three types of AGNs and have very similar behaviors although they are largely different in duration time T 90 .
As suggested by Kellermann et al. (2004) , radio jets that are also strong gamma-ray sources detected by EGRET appear to have significantly faster speeds than non-EGRET sources, which is much consistent with the idea that gamma-ray sources have larger Doppler factors than nonCgamma-ray sources. Kellermann et al. (2004) also pointed that there is a systematic decrease in apparent velocity with increasing wavelength, probably because the observations at different wavelengths sample built from different parts of the jet structure. It is required to test whether this is also true for GRBs because the current sample with with superluminal motion for GRB radio afterglows are very limited, ONLY GRB 030329 and possibly GRB 980425. In such a case, observational investigations on superluminal motion of GRBs are particularly expected in the near future.
The typically extragalactic sources with high redshift are usually useful for studying the formation and evolution of the early universe. So far, the farthest galaxy is found to have a spectroscopic redshift of z = 6.96 (Iye et al. 2006 ) . Fan et al. (2001) found the most distant AGN was Quasar SDSS J1030+0524 with a redshift of z = 6.28, which was taken among follow-up spectroscopy of i-band drop-out objects. Cosmological GRBs are the ideal candidates for the universal study since several GRBs have been found to locate at very high universe with redshifts larger than z ∼ 6, e.g., GRB 080913 (z = 6.7, Greiner, J. et al. 2009 ), GRB 050904 (z = 6.39, Haislip et al. 2006 ) and GRB090423 (z = 8.1, Salvaterra et al. 2009 ). In principle, superluminal motions should be detectable and similar for all the distant celestial bodies if only the true velocity of the outflow is close to the speed of light and the viewing angle θ is sufficiently small, due to the beaming effect of special relativity (see also Zhang et al. 2007 ). In addition, this phenomenon would be multiple-band observed if the receiver on ground is sensitive enough. However, studies on superluminal motions of these sources proceed slowly till now owing to the lack of radio observations with high resolution.
In statistics, roughly 15-20% of AGNs are radio-loud. The variability of radio-loud AGNs behaves much active over wide wavelengths (Xie et al. 1994) . Unlike the steep-spectrum for radio-quiet AGNs, the spectrum of radio-loud AGNs is generally flat because of the more beamed outflows at radio frequencies, but not in the optical and X-ray energy bands. This might imply that radio-loud AGNs are jet-dominated at radio frequencies and disk-dominated in the X-ray and optical band. Even though, the radio mechanism of the radio-loud AGNs could be very different from that of LGRBs. The later with a single or double power-law form is thought to be basically produced from the processes of synchrotron radiation and inverse-Compton scattering. Currently, the real radiation mechanism of AGNs and GRBs are still not confirmed and needs to be further clarified. 
